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INTRODUCTION 
Detecting hidden damage at the second layer of lap joint structures in aircraft 
by using eddy current techniques is difficult because the cracks are usually located 
beneath the head of the rivets, which cause large signals that mask the relatively 
smaller signals from the second layer cracks. In addition, using lower frequency 
excitation for deeper penetration of the eddy currents reduces the signal-to-noise 
ratio. Several new techniques have been tried, such as using a sheet inducer to 
increase the penetration depth or using sensors that have a frequency independent 
response, to improve the signal to noise ratio [1,2]. To better extract the information 
due to the cracks beneath the rivet at the second layer, we have developed a phase 
analysis of the magnetic field produced from the eddy currents induced by the sheet 
inducer. 
We calculated the eddy current distribution inside a conducting plate. Both the 
amplitude and the phase of the induced eddy currents are a function of the depth. 
The magnetic field produced by the disturbed eddy currents due to both the rivet 
and crack contains phase information that makes it possible to discriminate them 
from each other. At a particular phase angle, the magnetic field due to the surface 
structures may be minimized, and the signal from the subsurface cracks may be 
enhanced. In this paper, both the theoretical background for phase analysis and the 
experimental results recorded by a SQUID magnetometer are presented. 
THEORETICAL BACKGROUND 
For a semi-infinite extended conductor placed in an external magnetic field that 
is uniform and parallel to the surface, the amplitude of the induced eddy current 
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density decreases exponentially with (z / 8), where 
8- J 2 
W!U7 
(1) 
is termed the skin depth or the standard depth of penetration, which depends on the 
frequency of the external field, w, the magnetic permeability, fl, and the electric 
conductivity, a, of the conductor. 
If instead the conductor is a plate with finite thickness t, the induced eddy 
current density inside the plate depends not only on the depth in the plate and the 
frequency of the external field, but also upon the thickness of the plate, or the ratio 
of the thickness to the penetration depth (t/8). The eddy current distribution is 
anti symmetric about the center plane of the plate (z = 0), where J is zero. The 
details of this calculation are published elsewhere [3]. 
In this paper, the phase is defined such that, when the excitation current is 
taken as a reference, the in-phase component has a phase angle ¢J = 0°. The reference 
frame may be rotated by 30°, for example, so that the component being examined 
has a phase angle of 30°. 
In general, a current sheet of infinite extent produces a spatially uniform 
magnetic field that may be used for inducing eddy currents with a well-defined 
direction inside the conducting plate. As an example, we calculated the eddy current 
response, at the phase angles ¢J of 0°,45°,85°, and 135° of a 12.6 mm thick flawless 
aluminum plate. The results are shown in Figs. la-ld, where the excitation current 
density is 0.1 mA/mm. 
Figure la shows that the in-phase component is positive on the upper surface of 
the plate (z = 6.3 mm), with an amplitude that reduces to zero at the center of the 
plate, and then changes polarity. At <p = 45° in Fig. 1 b, the value of the positive 
current density at the surface becomes larger. At ¢J = 85° in Fig. lc, the positive 
current density at the surface becomes smaller, and the negative current density 
beneath the surface becomes larger. At <p = 135°, as shown in Fig. Id, the current 
density at the surface of the plate becomes zero, while the current beneath the 
surface essentially penetrates through the whole plate with a local null at the center 
plane of the plate. The ability to control the depth at which the current density 
becomes relatively larger is a potentially useful means to adjust depth sensitivity and 
to search preferentially for non-surface breaking flaws. 
To examine how the depth dependence of the current at a particular phase 
angle affects the magnetic signature of a flaw, we calculated the magnetic field due to 
a cylindrical void (i. e. zero conductivity) that is 8 mm in diameter and 3 mm tall, 
and whose upper end is 1 mm below the surface of the plate (at z = 6.3 mm). The 
current densities disturbed by the void are shown by the shaded areas in Figs. la-1d, 
where the dotted lines indicate the location of the cylinder ends. 
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Figure L Calculated phase-related current distribution at a) </> = 00, b) </> = 45°, c) 
</> = 85°, and d) </> = 135° inside a 12.6 mm thick aluminum plate without a flaw, and 
the simulated magnetic signal at the same phase angles: e) </> = 00, f) </> = 45°, g) 
</> = 85°, and h) </> = 135° due to an 8 mm diameter void with a vertical extent of 3 
mm whose upper surface is located 1 mm below the surface of the plate. The 
excitation current density is 0.1 mA/mm. The standard penetration depth 8 = 2.4 
mm was used for this calculation. The current densities disturbed by the hole are 
shown by the shaded areas in (a)-(d), where the dotted lines indicate the upper and 
lower ends of the hole. 
Figures 1e-1£ show the simulated magnetic field at 3 mm above the surface of 
the plate due to the cylindrical void at the phase angles </> = 0°,45°,85° and 135° as 
determined by the current densities shown in Figs. 1a-1d, respectively. The field is 
shown as if the detector is scanned across the void in the direction perpendicular to 
the excitation current. The dipolar signals in Figs. Ie and 1£ are primarily the result 
of the large positive current near the surface as shown in Figs. 1a and lb. Figure 1c, 
where </> = 85°, shows that the negative subsurface current within the depth of the 
void becomes comparable with the positive current near the surface, which produces 
an additional biphasic signal with opposite polarity but with a different peak-to-peak 
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spacing. Thus the dipolar signal splits to one with four extrema (quadrupolar), as 
shown in Fig. 19. The sharper peak is due to the positive current near the surface. 
At ¢ = 1350 , the quadrupolar signal becomes a dipolar signal again (Fig. If), with 
reversed polarity due to the negative current density below the surface (see Fig. 1d). 
As an example, we have calculated the phase-related amplitude for slots with 
various dimensions at several locations in a 12.6 mm thick aluminum plate. We chose 
an excitation current density of 0.1 Aim, and a standard penetration depth of 2.4 
mm. The dimensions and the locations of the slots used for calculation are shown in 
Figs. 2a and 3a, where a, b, and h are the length, width and height of the slots, 
respectively. As shown in Fig. 2a, the depth D is taken as the distance between the 
top surface of the plate and the top of the slot. Figure 2b shows the amplitude of the 
signal for the slots at D = 0 (solid line), D = 1 mm (dotted line), and D = 2 mm 
(dashed line). At most phase angles, the amplitude of the signal due to the surface 
breaking slot (D = 0 mm) is larger than those due to the subsurface slots. However, 
between ¢ = 1150 and 1400 , the subsurface slots produce larger signals than does the 
surface slot, demonstrating that this technique is useful for enhancing the signal due 
to the subsurface flaws. 
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Figure 2. Phase-related amplitude of the magnetic signal. a) The dimensions of the 
slots, where a = 4 mm, b = 0.2 mm, and h = 1 mm. b) The calculated maximum 
value of the magnetic signal due to the slots located at D = 0 mm (solid line), D = 1 
mm (dotted line) and D = 2 mm (dashed line). 
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Figure 3. Phase-related amplitude of the magnetic signal. a) The dimensions of the 
slots, where a = 4 mm, b = 0.2 mm, and D = 0 mm. b) The calculated maximum 
value of the magnetic signal due to the slot with the vertical extent h = 1 mm (solid 
line), 2 mm (dotted line), and 3 mm (dashed line) located at the surface. 
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Figure 3b shows the maximum value of the magnetic signal for the surface 
breaking slots with h = 1 mm (solid line), 2 mm (dotted line), and 3 mm (dashed 
line) (see Fig. 3a). 
Comparing Fig. 3b with 2b, we see that the phase at which the amplitude 
becomes minimum (or maximum) (¢min) is determined by the depth of the slot 
below the surface D, rather than by the vertical height of the slot h. These 
phase-related features provide a potential method for enhancing the signal due to the 
subsurface flaws and reducing the background signal due to the surface structures. 
Because the phase of the eddy currents changes more at higher frequencies, as 
shown in Fig. 1c, it is better to use as high a frequency as possible for the phase 
analysis. Conversely, the amplitude of the signal for deep flaws is reduced at higher 
frequencies. Therefore it is necessary to determine an optimum frequency for a 
particular measurement or to use multiple frequencies. In general, the optimum 
value for 8/t is between 0.1 and 0.5. 
EXPERIMENTAL RESULTS 
Two eddy current inducers were used for the measurements, a large multi-strip 
sheet inducer which is placed below the sample and moved with the sample during 
the scan (see Fig. 4a), and a small multi-wire sheet inducer which is placed above 
the sample and rigidly attached to the SQUID (see Fig. 4b). Both inducers are made 
from printed circuit board, and the strips (or wires) are connected in series as shown 
in Fig. 4a. 
The SQUID output is sent to a vector lock-in amplifier and both in-phase and 
quadrature signals are recorded. The phase-rotated field maps have been processed 
by fitting the background to a polynomial and subtracting the result from the raw 
data. The results have been squared for better visualization. 
The test sample is made of two layers of 7075-T6 aluminum panels bolted 
together by four 0.25 inch diameter aluminum flat-head pins and nuts. The crack 
defects beneath the rivets are simulated by 0.25 inch long EDM slots beneath the 
fasteners as shown in Figs. 5a and 5c. The dashed line indicates the 6x6 inch2 
(150x 150 mm2) mapping area. Figure 5b is the magnetic field image at the phase 
¢ = 50° obtained by using a large sheet inducer with frequency of 1 kHz placed 
below the sample. 
Both the fastener and crack produce the magnetic signal. The signal is largest 
for pin a (with cracks in both layers), and smallest for the unflawed pin c which is for 
reference only. Figure 5d shows the cross sections taken from the peak of the signal. 
The dashed line was taken from section AA', which shows the signal from the 
fastener b (with crack in the second layer) and a. The solid line was taken from 
section BB', which shows the signal from d (with crack in the first layer) and c. The 
signal for the unflawed bolt c shows small and symmetrical peaks. The signal from 
the bolt d, which has a top layer crack, is similar to the signal from the bolt b, which 
has a second layer crack. All three signals from the bolts with cracks show 
asymmetric peaks, with the larger peak on the side for which there is a crack. 
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Figure 4. Illustration of the sheet inducers. a) Large multi-strip inducer below the 
sample. b) Small multi-wire inducer above the sample. 
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Figure 5. Images of the cracks beneath the rivets (a) Illustration of the test sample. 
(b) The surface plot of the magnetic field map at phase <p = 50° when a large sheet 
inducer placed below the sample are used (Fig. 4a). (c) The cross-section view of the 
test sample. (d) The cross sections taken from the peak of the field map in (b). 
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Figure 6. The field maps at phase 00 ,95° and 1200 obtained with a small sheet 
inducer (shown in Fig. 4b) with frequency of 500 Hz placed above the sample. The 
maps in the left column were obtained with the excitation current across the cracks, 
while the maps in the right column were obtained when the excitation current was 
parallel to the cracks. 
Figure 6 is the field maps at phase 0°,950 and 1200 when a small sheet inducer, 
operating at 500 Hz, was placed above the sample. The test sample is the same. The 
maps shown on the left were obtained when the excitation current was perpendicular 
to the cracks, while the maps in the right-hand column were obtained when the 
excitation current was parallel to them. Obviously, the field maps do not show any 
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difference between the signal from the flawed bolts and the unflawed one when the 
excitation current is parallel to the cracks, regardless of the phase rotation (see right 
column). When the excitation current was perpendicular to the cracks, the larger 
signals are due to the bolts with the cracks. At the phase angle ¢ = 95°, the 
second-layer crack produces the signal which is almost as large as the signal due to 
the bolt with the cracks through both layers, while the signal due to the first-layer 
crack is almost the same as the signal due to the unflawed bolt. 
CONCLUSION 
The eddy current distribution inside a plate induced by a sheet inducer and the 
phase-related magnetic field due to flaws in the plate have been calculated. With 
phase analysis, we demonstrate that a second-layer flaw beneath a rivet may show a 
signal that is similar or larger than that from the identical first layer flaw. 
In comparison with the impedance-plane display used with conventional eddy 
current techniques, which is affected by many parameters such as lift-off, sample 
thickness, edges, properties of the materials, and requires a complicated calibration 
procedure, our phase analysis is simpler, because the background from both the 
inducer and the induced eddy current may be minimized before applying the phase 
analysis. This technique indicates the potential application of SQUIDs with sheet 
inducers for second-layer flaw detection. 
The experimental results also indicate that the phase analysis is suitable for 
smaller multi-wire inducers fixed above the sample, as well as for a larger multi-strip 
inducer below the sample. It may be also applicable to other eddy current inducers 
used in eddy current imaging systems. 
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